Flavonoids, which have hydroxyl substitutions in their structure of 2-phenyl-benzopyrone-4-one, are plant-derived components with low toxicity.
N-Acetyl-Conjugation by Cultured Hepatocytes Hepatocytes were isolated by the collagenase perfusion method from male Wistar rats weighing 180-220 g provided with standard rat chow and water ad libitum. 15) The isolated cells were diluted to make a concentration of 0.5ϫ10 6 cells/ml, in Williams medium containing dexamethasone (1 mM), insulin (0.1 mM), tri-iodothyronine (1 mg/ml), d-aminolevulinic acid hydrochloride (0.2 mM) and 10% fetal calf serum. The suspended cells were seeded on 35 mm plastic culture dishes at a density of 1ϫ10 6 cells/dish, then placed in an incubator in an atmosphere of 5% CO 2 95% air at 37°C. The monolayers of hepatocytes were cultured for 24 h in Eagle's MEM containing dexamethasone, insulin, tri-iodothyronine, daminolevulinic acid hydrochloride and 10% calf serum. Flavonoids and 5-ASA were dissolved in dimethyl sulfoxide and added to the cultures at definite concentrations, with the final concentration of dimethyl sulfoxide being about 1%. 5-ASA in a stock solution at 50 mM was added to the cultures at a final concentration of 200 mM at 10 min after the addition of flavonoids. After being incubated for 2 h at 37°C, 0.2 ml of the medium from each culture was mixed with 0.2 ml of 0.5 M perchloric acid.
N-Acetyl-Conjugation by Liver Cytosolic Preparation Liver cytosol was prepared in 0.25 M sucrose from male Wistar rats weighing 180-220 g provided with standard rat chow and water ad libitum, as described by De Duve et al. 16) The reaction mixtures for N-acetyl-conjugation consisted of 200 mM 5-ASA, 50 mM Tris-HCl buffer pH 7.4, 10 mM dithiothreitol, 200 mM acetyl CoA, and 20 mg of cytosolic protein in a final volume of 0.4 ml, as previously described. 8) Incubations for the reaction were carried out at 37°C with shaking for 60 min, since 5-AcASA was formed linearly during 60 min of incubation. The reaction was stopped by adding 0.4 ml of 0.5 M perchloric acid. Protein was determined by the method of Lowry et al. 17) HPLC Analysis Chromatographic separation and quantitative determination were carried out according to the HPLC analytical methods described previously, [11] [12] [13] [14] with some modifications. A 0.1 ml aliquot of each perchloric acidtreated sample was neutralized with 25 ml of 1 M NaOH solution and 25 ml of 0.5 M Tris-HCl buffer, pH 7.4, and the total volume was adjusted to 1.0 ml with HPLC elution solvent. A 50 ml aliquot of sample was injected onto a Develosil C-30-UG-3 (4.6 I.D.ϫ150 mm) column adjusted to 40°C, and 5-AcASA was separated by solution with a mixture of acetonitrile (2%) and 20 mM phosphate buffer, pH 5.0 solution (98%) using a CCPD HPLC system equipped with a FS-8020 fluorescence detector (Tosoh Co., Japan). The flow rate of the mobile phase was 1.0 ml/min, and elution of 5-ASA and 5-AcASA was monitored at a fluorescence excitation wavelength of 310 nm and an emission wavelength of 480 nm. 5-ASA and 5-AcASA were eluted at 2.7 and 21.5 min, respectively. The quantitative determination of 5-AcASA was based upon the integration of fluorescence peak areas. The calibration plots of peak-area for 5-AcASA were prepared between the concentration range of 50 nM to 1 mM. The IC 50 value for flavonoids was determined by calculating the inhibitory concentration at which a 50% decrease in the production of 5-AcASA was obtained by interpolation on a straight line which was drawn from flavonoid concentrations of 20 to 100 mM.
RESULTS
The incubation of cultured hepatocytes with 5-ASA produced only one peak of 5-ASA metabolite in HPLC analysis. The peak identity of the 5-ASA metabolite as 5-AcASA was supported by the same retention time in HPLC as both the synthesized standard and the in vitro-produced 5-AcASA by the cell-free enzymatic preparations. The N-acetyl-conjugative reaction of 5-ASA in cultured hepatocytes was saturated above 500 mM of 5-ASA, and the formation of 5-AcASA was linear for at least for 4 h of incubation at 200 mM of 5-ASA concentration. The rate of formation of 5-AcASA was 25.2 nmol/h/mg cell protein in cultured rat hepatocytes. The effect of a group of flavonoids (Fig. 1, Table 1 ) on the formation of 5-AcASA in cultured hepatocytes was measured after a 2-h incubation period. Table 2 summarizes the effects of flavonoids on the formation of 5-AcASA in the hepatocytes. The inhibitory activity of effective flavonoids was expressed as the flavonoid concentration at which 50% inhibition was achieved (IC 50 ). The inhibitory activity of ineffective flavonoids was expressed as the percent inhibition at a flavonoid concentration of 100 mM, since their solubility is limited at higher concentrations. There was a large variation among flavonoids of the ability to inhibit the formation of 5-AcASA. Among the flavonols, quercetin, kaempferol and galangin were several times more effective than myricetin and morin. The inhibitory efficiency of the three active flavonols increased with an increasing number of hydroxyl substitutions in the B-ring. Flavones which lack a hydroxyl substitution at the C3 position of the C-ring, such as luteolin, apigenin and chrysin, were as effective as their corresponding flavonols such as quercetin, kaempferol and galangin. Of the flavones, 7,3Ј,4Ј-OH flavone was the most potent compound, while other simple flavones which lack either the C7 hydroxyl substitution on the A-ring or the catechol group on the B-ring (e.g., 7-, 5-, 3-, 7,3-, 7,4Ј-, 3Ј,4Ј-OH flavones) were less potent inhibitors. The inhibition of conjugation by isoflavones, such as genistein and daidzein, was relatively weak. Flavanone such as taxifolin, and flavans including epicatechin, epicatechin gallate, epigallocatechin and epigallocatechin gallate, had little inhibitory activity. The inhibitory effects of flavonoids on N-acetyl-conjugation of 5-ASA in liver cytosolic preparations was also examined (Table 3 ). The N-acetylation was carried out by incubating 200 mM of 5-ASA with 20 mg of cytosolic protein plus 200 mM of acetyl Coenzyme A for 60 min. The rate of formation of 5-AcASA was 184 nmol/h/mg cytosolic protein.
Quercetin, luteolin and 7,3Ј,4Ј-OH flavone, which have C7 hydroxyl substitution on the A-ring and a catechol group on the B-ring, markedly inhibited the N-acetylation of 5-ASA in cytosolic preparations. The rank order of the inhibitory potency of flavonoids was very similar to that in cultured hepatocytes.
DISCUSSION
This paper presents an ability of a series of flavonoids to inhibit the production of 5-AcASA from 5-ASA in cultured hepatocytes. No papers have been presented so far to refer to this novel effect on the N-acetyl-conjugation of 5-ASA among chemical compounds. The structural features of flavonoids necessary for exerting an inhibitory effect on the N-acetyl-conjugation of 5-ASA were elucidated by comparing the inhibitory capability of a series of flavonoids which differed in the number and configuration of hydroxyl substitutions. Quercetin, luteolin and 7,3Ј,4Ј-OH flavone had a remarkable ability to inhibit the formation of 5-AcASA in cultured hepatocytes. Other simple flavonols and flavones also retain the inhibitory activity. Taxifolin and catechins, which lack the C2-3 double bond on the C-ring, had no such inhibitory activity, despite having a number of hydroxyl substitutions in their structures. These results suggest that a flavone structure which has C7 hydroxyl substitution on the A-ring and a catechol group on the B-ring is essential for exerting the effective inhibitory activity on the N-acetyl-conjugation of 5-ASA. The flavonoids also inhibited the N-acetylation of 5-ASA in the cell-free enzymatic preparations in parallel efficency with that in intact hepatocytes. Therefore, the inhibitory effect of flavonoids on the formation of 5-AcASA in intact cells may be attributable to the direct inhibition of Nacetyl-transferase (NATase) activity. The inhibitory mechanism will come only from more detailed biochemical study using a purified NATase.
It has been learned that the responsible isoenzyme for 5-ASA is NATase-1 in human, but NATase-2 in rat.
9,10) The po- tency of flavonoids in inhibiting N-acetylation of 5-ASA in Caco-2 cells was also examined in our labolatory (our personal experiment). The inhibiting effects of flavonoids in Caco-2 cells did not differ significantly from that in cultured hepatocytes. This result suggests that the inhibitory activity of flavonoids does not depend on the species or genotype of NATase.
Most of sulfasalazine ingested passes to the colon without being absorbed in the intestine, and is split into 5-ASA and sulfapyridine by colonic bacterial azoreductase. [7] [8] [9] [10] 5-ASA acts topically in the colonic mucosa and is inactivated to 5-AcASA via NATase in the bowel tissue. [7] [8] [9] On the other hand, sulfapyridine is quickly absorbed from the colon and has significant adverse effects. [7] [8] [9] Therefore, the increased dose of sulfasalazine causes a variety of toxic symptoms. 7) Co-administration of flavonoids with a decreased dose of sulfasalazine may retain the efficacy of 5-ASA by inhibiting its inactivation with decreased sulfapyridine-related adverse effects in the management of inflammatory bowel diseases.
